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Abstract 
The formation of dislocation clusters in cast mono ingots is investigated using etch pit density measurement and X-ray 
diffraction. The majority of detrimental dislocation clusters in the ingot originate in the seeding region.  
Beside the well-described dislocation source at the seed joints, a second origin of dislocation clusters is described in this work. 
Initial dislocation clusters appear in the seed by a rearrangement of dislocation cells to dislocation domains.  It is demonstrated 
that a cell size below ~ 50μm is required for this process. The dislocation density in these domains is about one order of 
magnitudes higher than in the cells. The high local dislocation density gains a very high shear stress. In consequence, the domain 
is able to penetrate the phase boundary between the remaining seed and the seeded material. Thus, the cluster is spreading 
unhindered into the ingot under the influence of thermo-mechanical stress during crystallization. X-ray diffraction measurements 
prove that the plastic deformation of the seeds leads in particular to such small cell sizes.  
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1. Motivation 
Dislocation formation and multiplication is still an unsolved problem in the crystallization of cast mono. It has 
been stated by several authors that the majority of dislocations nucleate at the seed [1-4]. To be able to solve that 
problem it is necessary to know their origin. It is well known that seed joints are one major starting point of 
dislocation clusters [1,2]. Tsoutsouva et al. demonstrated by X-Ray diffraction that already small misorientation of 
the seeds result in subgrain boundaries at the junction [4]. The effect of inclusions of different nature (SiC; Si3N4) as 
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starting point for dislocation clusters is discussed contrarily by different authors [5,8]. Wu and Clark [8] observed 
the formation of sub-grains at SiC and Si3N4 inclusions. This indicates the formation of dislocations at inclusions as 
well, since sub-grain boundaries are a special dislocation arrangement. Tsoutsouva et al. [5] could not observe this 
effect by detailed XRD imaging studies. Moreover, indentations of feedstock at the seed surface have been discussed 
as dislocation source [6,7]. Other works describe an impact of melt drops on the seed which causes a thermal shock 
and, thus, stress in the seed. However, we were not able to relate the most dislocation clusters outside the seed joints 
to such kind of impacts. But avoiding these initial dislocations is crucial for a successful crystallization of low 
dislocated cast mono. Thus, further studies are necessary to solve that problem. 
2. Experimental details 
The investigated G5 ingot (weight ca. 600 kg) was crystallized in a quartz crucible by directional solidification on 
Cz-seeds as shown in Fig. 1. A commercial Si3N4 coating was used as an anti-sticking layer. Oi concentration drops 
down from 5x1017 at/cm³ in the seeding region down to below 2x1017 at/cm³ after about 1/3 of the ingot height. 
The concentration of Cs rises from about 1x1017 at/cm³ in the bottom to 5x1017 at/cm³ at the top of the ingot.  
To demonstrate the evolution of the dislocation clusters, five slices were equidistantly dissected over the ingot 
height parallel to the seed. Additionally, the MDP (Microwave detected photoconductivity) lifetime image of the 
cross-section of one interesting brick (projected top few in a height of 200 mm) was measured. From MDP lifetime 














Fig. 1. Position of the sample in the ingot and corresponding defect cluster  
A cross section slice of the respective bottom region was dissected by diamond band sawing and then polished 
mechanically. In a second step, the sample was chemically polished and dislocation etched in Wright – Jenkins 
etchant until an etch pit size between 3 and 5 μm was achieved. The measurement of the dislocation density was 
carried out using self-constructed equipment. The system consists of a commercial macroscope (Leica), a special 
LED illumination unit and a motorized x/y table. The associated LabVIEW based software has two different modes. 
The first mode calculates the dislocation density, which is visualized in a 2D contour plot (Etch Pit Density Plot) and 
gives quantitative information. The second mode stiches all single images, which results in a very large image (Etch 
Pit Scanning). The advantage of the latter is very detailed information on the dislocation arrangement and 
morphology. The deformation of the seeds was investigated by X-ray diffraction (XRD). We used a Bruker AXS 
System with an area detector (D8 Discover with Gadds). The measurement delivers two important parameters: 1) the 
orientation of the sample (2 Theta) and its accuracy and 2) the tilting angle (Chi) of this orientation regarding the 
normal of the sample surface.   
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3. Results 
3.1. EPD and EPS measurements 
Fig. 2 demonstrates the lateral spreading of dislocation clusters over the brick height. We have not observed any 
dislocation cluster which disappeared over the brick height, which is not surprising since grain boundaries do not 
exist in cast mono. As reported by others [1, 2, 4], the majority of dislocation clusters is observed at the seed joints 
and increases rapidly with increasing brick height. Further dislocation clusters appears close to the center of the 
samples without any link to the seed joints. Fig. 2 reveals that each detrimental dislocation cluster in the top region 
has its origin in the seed but not in the volume of the ingot. That means, understanding and avoiding of initial 
dislocation clusters in the seed region allow for a much better materials quality.  
 
 
Fig. 2: EPD at parallel to the seed oriented slices at equidistant heights 
Surprisingly, the originally dislocation free Cz seed is highly dislocated after the crystallization process. Local 
dislocation densities up to 2e5 cm-2 are measured in the remaining Cz part of the seed. Furthermore, the dislocation 
density increases from the right to the left side of the seed (Fig. 3). This corresponds to an increasing intrinsic stress 
in the same direction. The EPD map in Fig. 3 and the EPS in Fig. 4 show a drastic decrease of the dislocation density 
along the phase boundary between the seed and the seeded material by about one order of magnitude. This indicates 
that the phase boundary is an effective barrier for dislocations. On the other hand, there are always dislocation 
836   Andreas Krause et al. /  Energy Procedia  92 ( 2016 )  833 – 838 
domains penetrating the phase boundary. Fig. 3 proves that this is the case when a certain level of dislocation density 
of approximately 2x105 cm-2 is exceeded. Penetration of the phase boundary by dislocation domains is the 
precondition for the development of detrimental dislocation clusters in the ingot. 
 
Fig. 3: MDP image of a defect cluster in 200mm ingot height and corresponding dislocation density in the seed 
The EPS image in Fig. 4a) and b) shows a cellular sub-structure of a dislocation network. This network can be 
observed over the whole width of the seed and can therefore not be attributed to the impact of a thermal shock or 
indentation of feedstock. The diameters of those dislocation cells vary significantly with the position in the seed. The 
smallest rings are observed in the regions of highest dislocation density. Rudolph et al. relate these networks to 
plastic deformation [9], whereas the diameter of the particular dislocation cells corresponds to inherent thermo-
mechanical stress: the smaller the cell diameter, the higher is the thermo-mechanical stress. Following this 
assumption, the highest stress is located in the vicinity of domains (Fig. 4: signed by orange arrows). It can be stated 
that domains are only formed if the dislocation cells in the area concerned are very small, i.e. the stress is 
comparatively high. If the cell diameters fall below a specific value, the cell structure to a domain seems to be 
energetic favorable. Once a dislocation domain is formed, the probability for penetration of the phase boundary is 
given. It is so far not completely clarified, if a domain penetrates the phase boundary or not. But there might be an 
influence of the dimension of the domain. In Fig. 4a the strongest domain is the one which overcomes this barrier 
while the smaller domains are absorbed at the phase boundary. 
 
Fig. 4: EPS images of formation of dislocation domains 
The median Feret diameter of the cells in the vicinity of a domain is measured by about 40 μm (Fig. 5). In 
consequence, cell diameters below about 50 μm are required for domain formation. Since the distribution of 
dislocation cell diameters is very inhomogeneous over the seed, it is unlikely that the stress necessary to generate 
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such a dislocation network is induced by hydrostatic stress due to the feedstock load or thermal expansion of the 
seeds. In addition, the dislocation cell diameters are decreasing toward the crucible bottom, which is evidence that a 





Fig. 5: evaluation of the critical cell size for domain formation 
.  
 
Fig. 6: XRD – measurement of seed deformation  
The chi value represents the deviation to the crystallographic orientation of the seeds.The chi angle were 
measured by means of XRD as a profile along a lateral direction within the seed (fig. 6). The maximum of the Chi-
angle at b~35 mm implies that the most deformed area is located between the left edge and b = 65 mm which is 
exactly the region of highest dislocation density in the seed. It indicates that a stress induced deformation is indeed 
the origin of the highly dislocated area in the seed, and thus, also of the large defect cluster in a height of 200 mm 
indicated by the MDP lifetime image (Fig. 2, 3). The bending of the seed is very likely caused by an uneven crucible 
bottom. Indeed, the usage of very even crucibles results in a significant reduction of defect clusters.  
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4. Conclusion 
The origin of detrimental defect clusters is investigated by EPD and XRD. The well-investigated seed joints, 
thermal shocks caused by melt drops and plastic deformed seed areas act as a remarkable source of dislocation 
clusters. It is demonstrated in this paper that a local plastic deformation of the seed, which could be caused by an 
uneven crucible bottom, result in a dislocation network. As long as the cell size of this dislocation network is bigger 
than ~ 50 μm, dislocations are not able to penetrate the phase boundary between remaining Cz seed and seeded 
material. Once the cell sizes fall below ~50 μm (i.e. when a certain stress level is exceeded), dislocation domains are 
formed by a rearrangement of the dislocation cells. Whether these domains penetrate the phase boundary or not seem 
to be depending on the dimension of the domain. For the rare number of samples investigated in this work, 
penetration is observed for larger domains only, whereas the smaller domains are annihilated at the boundary. 
Further study on this item is required. In the example presented here, a bending of the seed due to an uneven crucible 
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